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ABSTRACT 
Elec t r ic  c u r r e n t s  induced by non-periodic  winds i n  t h e  
ionosphere are  c a l c u l a t e d  f o r  t h e  case of inco inc idence  o f  
the E a r t h ' s  r o t a t i o n a l  and magnet ic  a x e s ,  based on a real- 
i s t ic  model of t h e  upper atmosphere. Main r e s u l t s  ob ta ined  
are  as  follows: (1) Sq-like c u r r e n t  systems changing wi th  
u n i v e r s a l  t i m e  are produced and t h e  i n t e n s i t y  of main vor- 
tices i s  aboQt one tenth of tha t  of t h e  Sq f i e l d  for  a t y p i -  
cal  wind v e l o c i t y  o f  10 m/sec. ( 2 )  Of tne t w o  components of 
non-periodic  winds t h e  'meridional  component i s  more e f f e c t i v e  
i n  producing c u r r e n t  systems. (3) The p o s i t i o n  of main cur- 
r e n t  v o r t i c e s  i s  c o n t r o l l e d  by t h e  d i s t r i b u t i o n s  o f  ionos- 
pheric c o n d u c t i v i t y  and of wind v e l o c i t y  and t h e  deg ree  of 
i n f l u e n c e  of these t w o  i s  d i f f e r e n t  fo r  d i f f e r e n t  p r o f i l e s  
of winds. (4) The i n t e n s i t y  o f  main v o r t i c e s  changes w i t h  
l o n g i t u d e  i n  such a manner t h a t  t h e  maximum i n t e n s i t y  occur s  
i n  t h e  n o r t h  and sou th  American zone and t h e  minimum i n  t h e  
A s i a  and Oceania zone, being i n  agreement wi th  t h a t  of tne Sq 
f i e l d .  (5) N o  remarkable d i f f e r e n c e  can  be seen  i n  t h e  r e s u l t s  
o b t a i n e d  by  u s i n g  d i f f e r e n t  c o o r d i n a t e  systems. 
'. 
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1 INTRODUCTION 
The atmospheric dynamo theory was studied by a number 
of authors (see for example, a brief summary by Maeda, 1966) 
for interpreting the solar and lunar daily geomagnetic varia- 
tions at the early stage, and for discussing dynamical beha- 
vior of the upper atmosphere at the latter. In most of these 
studies only periodic components of ionospheric winds which 
induced the so-called dynamo electric field were considered, 
because it has long been believed that ionospheric winds are 
of only or mainly tidal origin. 
In recent years, however, thermally driven ionospheric 
winds have warmly been discussed, and it has been pointed out 
by Gupta (1967), for example, that the contribution of gravi- 
tational tide to (solar daily) geomagnetic variations would 
be negligible as compared with that of solar radiation. If 
it is so, the winds may have non-periodic components as well 
as periodic ones. 
spheric motions by radio and rockets strongly suggest the 
existence of non-periodic components in ionospheric motions. 
Thus, it may be expected that electric currents might be in- 
duced by such non-periodic winds and may result in geomagnetic 
variations observed on the ground. 
In fact the results of observation of iono- 
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, 
T h i s  problem w a s  considered by Kato (1957) for a z o n a l  
wind, and b y  Jones  (1963) and D e W i t t  and Akasofu (1964) for  
a s o l e n o i d a l  wind, and i t  was  concluded by t h e s e  a u t h o r s  t h a t  
no to ta l  c u r r e n t s  could be induced by such a zona l  or sole- 
n o i d a l  wind. T h e i r  d i s c u s s i o n s  were made on some s i m p l i f y i n g  
assumptions,  e s p e c i a l l y  i t  was assumed t h a t  t h e  electric cur-  
r e n t s  flowed i n  a t h i n  l a y e r  i n  which t h e  wind v e l o c i t y  and 
t h e  electric f i e l d  d i d  no t  change w i t h  h e i g h t  (a =-dimen- 
s i o n a l  assumption) and t h a t  a r c t a t i o n a l  and magnet ic  axes 
of t h e  E a r t h  were co inc iden t  (a co inc ident -axes  assumption) .  
There s t i l l ,  therefore, remains t h e  p o s s i b i l i t y  t h a t  a cur-  
r e n t  system can be produced by  non-periodic  winds, for  the 
case i n  which one or  t w o  of t h e  above assumptions are n o t  
sa t isf ied t o  a c e r t a i n  approximation, I n  fact ,  the  r e s u l t s  
of estimate by  Maeda and Matsumoto (1962) and by  van Sabben 
(1962) seemed t o  sugges t  t h i s  p o s s i b i l i t y .  
Maeda and Matsumoto considered the case i n  which t h e  
co inc iden t - axes  assumption d i d  n o t  ho ld ,  and t h e y  ob ta ined  
c u r r e n t  systems depending on u n i v e r s a l  t i m e  a s  w e l l  as local 
t i m e ,  van Sabben d iscussed  t h e  case i n  which t h e  two-dimen- 
s i o n a l  assumption w a s  v i o l a t e d ,  
height-dependent  z o n a l  or  mer id iona l  wind d i s t r i b u t i o n s  would 
and h e  showed t h a t  c e r t a i n  
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cause  Sq-like c u r r e n t  systems. These f i n d i n g s  seem t o  be i m -  
p o r t a n t  i n  d i s c u s s i n g  n o t  o n l y  the  d a i l y  geomagnetic varia- 
t i o n s  b u t  a lso t h e  dynamics of t h e  upper atmosphere. T h e i r  
numerical  r e s u l t s ,  however, seem t o  be f a r  from any rea l i s t ic  
one, because t h e  models employed were over -s impl i f ied .  
The purpose of t h i s  series of papers i s  t o  d i s c u s s  t n e  
method of mathematical t rea tment  of t h e  problem i n  a g e n e r a l  
form and then  p r e s e n t  numerical  r e s u l t s  based on a real is t ic  
model of t h e  upper atnosp3ere. Par t  I deals w i t h  o n l y  the 
case of i n c o i n c i d n e t  axes. The effect of height-dependent 
wind s t r u c t u r e  w i l l  be considered i n  Part I1 where  t h e  axes- 
inco inc idence  is  ignored ,  and the m o s t  g e n e r a l  case i n  which 
t h e  above t w o  cases are combined w i l l  f i n a l l y  be d i scussed  
i n  Part 111. 
2. TWO-DIMENSIONAL DYNAMO EQUATIONS 
I n  t h e  two-dimensional case, we take a h y p o t h e t i c a l  
s p h e r i c a l  c u r r e n t  s h e e t  which has a h e i g h t - i n t e g r a t e d  t e n s o r  
c o n d u c t i v i t y  [K] , t hen  t h e  (he igh t - in t eg ra t ed )  c u r r e n t  dens i -  
ty J i s  g iven  by  
--., 
+ + 
J = [K] Et (1) 
3 
where Et i s  t h e  (height-independent) t o t a l  electric f i e l d .  
. 
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I f  we  c o n s i d e r  a quas i - s teady  s ta te ,  t h e  e f f e c t  of s e l f -  
inductance  may be ignored ,  so t h a t  t h e  t o t a l  e lectr ic  f i e l d  
i s  given by  t h e  sum of  t h e  e l e c t r o s t a t i c  f i e l d  Es d e r i v e d  
from a p o t e n t i a l  S and t h e  dynamo electric f i e l d  Ed (= 
+ 4 4  * 
V x B; V i s  t h e  wind v e l o c i t y  and B i s  t h e  geomagnetic f i e l d  
3 
3 
i n t e n s i t y ) .  Since displacement  c u r r e n t s  can be n e g l e c t e d  i n  
t h e  p r e s e n t  case, t h e  c u r r e n t  m u s t  be d i v e r g e n t  f r e e ;  i . e . ,  
3 
d i v  J = 0 .  
Taking s p h e r i c a l  c o o r d i n a t e s  ( c o - l a t i t u d e  6 , l o n g i t u d e  h ) 
and local C a r t e s i a n  c o o r d i n a t e s  ( x for southward, y f o r  
eas tward)  a t  a p o i n t  ( 8 , h )  on the c u r r e n t  s h e e t ,  we have 
from (1) and (2 )  
where 
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are components of tensor conductivity and %cO KYY and XY 
[ K J  (see for example, Chaman, 1956). Since o'p > 0 this 
is a partial differential equation of elliptic type. 
The electric conductivities ( s x  etc.) are, in general, 
functions of 8 , h  and t (local time), but the dynamo field 
-? 
Ed does not depend on local time because only non-periodic 
winds are considered here. Thus eq. (3) may be written 
where 
and therefore the solution would be the form 
S = S  ( e , h ,  t 1. (5 1 
Eq. (4) is the basic equation in our problen, to be solved 
under appropriate boundary conditions, 
In actual cases the coefficients, A ,  B, C and D cannot 
be expressed in any analytical forms but are given by numeri- 
cal values, and therefore the solution is obtained by a method 
of numerical integration. When we carry out calculations, 
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an important question may arise, i.e., which of the geo- 
graphic and geomagnetic coordinates is appropriate for the 
practical treatment ? We cannot briefly answer this ques- 
tion, and this will be discussed in the next section. 
3 .  COORDINATE SYSTEMS AND BOUNDARY CONDITIONS 
The physical quantities involved in eq. (4) are the 
3 9 
wind velocity V, the geomagnetic field intensity B, the 
electrical conductivity LKJ as known, and the electrostatic 
potential S as unknown. Of these, the wind velocity would 
be dependent on the geographical (gg) - coordinates, and the 
geomagnetic field intensity depends, of course, upon the geo- 
magnetic (gm) coordinates. Thus, if we take the gg coordi- 
7 
+ nates, B must be transformed: whereas if we take the gm co- 
ordinates, V must be transformed. However, what about the 
+ 
electrical conductivity ? The electrical conductivity con- 
tains several quantities; some of them (for instance, the 
electron density or collision frequency) might be dependent 
on the gg coordinates, but the gyrofrequency would be in con- 
formity with the gm coordinates. 
hard to determine any one coordinate system appropriate for 
Thus it seems to be very 
the conductivity. We know, however, that near the equator 
the conductivity is strongly controlled by the geomagnetic 
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f i e l d  as w e l l  known as t h e  e q u a t o r i a l  electrojet phenomenon, 
whereas i n  h igh  l a t i t u d e s  the  gg c o o r d i n a t e s  might be be t te r  
for t h e  expres s ion  of c o n d u c t i v i t y ,  because t h e  geomagnetic 
f i e l d  i s  n e a r l y  ver t ical  t h e r e .  
We meet t h e  same d i f f i c u l t y  as above f o r  t h e  determi- 
n a t i o n  of boundary cond i t ions .  I f  we want t o  solve t h e  
basic equa t ion  i n  i t s  o r i g i n a l  form, we must employ one of 
t h e  fo l lowing  t w o  k i n d s  of boundary cond i t ions :  One i s  
c a l l e d  a D i r i c h l e t  problem i n  which t h e  v a l u e s  of the un- 
known a t  t h e  boundary are known and t h e  o t h e r  i s  c a l l e d  
a Neuman problem i n  which t h e  v a l u e s  of t h e  normal d e r i v a t i v e  
of t h e  unknown a t  t h e  boundary are  known. Unfo r tuna te ly ,  o u r  
p r e s e n t  problem i s  n o t  so simple. The unknown S is  a poten- 
t i a l ,  so t h a t  we  can  t a k e  an a r b i t r a r y  va lue  o f  S at any one 
p o i n t .  The n o r t h  pole i s  usua ly  taken  as  t h i s  p o i n t .  However, 
a d i f f i c u l t y  a g a i n  o c c u r s ,  because t h e  v a l u e s  of a l l  the coe- 
f f i c i e n t s  (A, B, C and D )  i n  t h e  equa t ion  tend  t o  i n f i n i t y  a t  
t h e  pole, so t h a t  we cannot set any boundary c o n d i t i o n s  a t  
t h e  pole. I n s t e a d ,  t h e  polar c o n d i t i o n  might be rep laced  by 
the v a l u e s  a t  p o i n t s  close t o  t h e  p o l e ,  and t h e s e  v a l u e s  may 
be e s t i m a t e d  by Taylor  expansion of S around t h e  pole. This 
boundary c o n d i t i o n  would be bet ter  s a t i s f i e d  for  t h e  gg coor- 
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d i n a t e s  r a t h e r  t han  the gm coord ina te s ,  
On t h e  o t h e r  hand, a t  t h e  equator  we  may take t h e  con- 
d i t i o n  t h a t  
which i s  based on the assumption t h a t  t h e  geomagnetic f i e l d  
l i n e s  can be regarded  as  e q u i p o t e n t i a l s ,  and t h e r e f o r e  t h i s  
c o n d i t i o n  is s a t i s f i e d  for t h e  gm equa to r  n o t  f o r  t h e  gg 
equa to r .  
of c o o r d i n a t e s  appropriate f o r  boundary c o n d i t i o n s .  
i t  i s  impossible t o  take any combined c o o r d i n a t e  system, cal- 
c u l a t i o n s  are c a r r i e d  o u t  f o r  each o f  t he  gg and gm coordi-  
n a t e s .  
gg c o o r d i n a t e s  are doub t fu l  n e a r  the e q u a t o r ,  whereas t h e  
r e s u l t s  t a k i n g  t h e  gm coord ina te s  are less s i g n i f i c a n t  i n  
t h e  polar r eg ion .  
Thus, we a g a i n  m e e t  a difffcalt; .  f e r  the choice 
Since 
W e  would s a y  t h e r e f o r e  t h a t  the r e s u l t s  t a k i n g  t h e  
F i n a l l y ,  for t h e  east-west boundar i e s  we set  t h e  condi- 
t i o n  
S (a t  a= 0 )  = s (a t  A =  2 % )  
because  of the p e r i o d i c i t y  expected for S. 
4. COORDINATE TRANSFORMATION 
As d i s c u s s e d  above, i f  we  employ any one c o o r d i n a t e  sys- 
- 9 -  
tem, some quantities must be transformed; i.e., if we take 
the gg coordinates, the geomagnetic field intensity + B must 
be transformed; whereas if we take the gm coordinates, 
wind velocity V must be transformed. 
formation is discuseed below. 
4. 1. General. 
the 
The method of trans- 
i, 
A general method for the coordinate transformation of 
any physical quantities as a function of position on a 
sphere may be provided by .;sing t he  spherical surface 
harmonics (see, Schmidt, 1935). 
Let N and N' in Fiq. 1 be the north poles of any two 
coordinate systems (u,t) and (u',t'), we have 
71 
P: (cos u' cosp t 1 = C A,,.~ P, m (cos u) cos mt 
m=0 
n 
P: (cos ut 1 sin/ t I = C B~~ pn m (cos u) sin mt 
m=0 
where Pn m are the semi-normalized associated Legendre 
functions introduced by Schmidt (19351, and An m and Bn m are 
given by 
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* dmpn(c)J B = (1 + ci”$LWm- dP [ (1 - c)  dcJ“-‘ d cm 
c = cos e 
s = s i n  e 
=Ern(n - m)!/(n + m)! 
Eo= 1, E,=&= .......... = 2 
and Pn ( c )  = Legendre func t ions .  
These formulae a re  t h e  m o s t  gene ra l  expres s ion  f o r  t h e  
t r a n s f o r m a t i o n  of s p h e r i c a l  Coordina tes ,  and t h e y  are ve ry  
u s e f u l  f o r  t h e  p r e s e n t  problem. 
4. 2.  Case where t h e  qq coord ina te s  are taken .  
I f  w e  t a k e  
u =  e ,  u ’  = 0 
t = ) \ - h o t  t ’  = x - A  
e =  8,, 
where ( Q , ) a re  t h e  gg coord ina te s  of p o i n t  P (see Fiq.  1) , 
( @ , A )  are i t s  gm c o o r d i n a t e s ,  and ( 6,,h,) are t h e  gg coor- 
d i n a t e s  o f  t h e  geomagnetic pole N’, t hen  we have from (6) 
U 
The geomagnetic f i e l d  i n t e n s i t y  can,  i n  g e n e r a l ,  be t r a n s -  
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formed into the gg coordinates by these formulae. 
As an example, if we approximate the geomagnetic field 
4 
by a dipole field of magnetic moment M, we have 
0 
for the vertical intensity. Application of (7) to P1 (cos@)  
gives 
0 0 0 
p1 (COS@) = p1 ( c )  p1 (COSB 
it follows that 
B, = - ( 2 ~ 1 ~ ~ )  [cos~~cos e + sindo sin6 cos(> -A~)J .  
This is the well known expression for the vertical intensity 
of the goemagnetic field transformed into the gg coordinates. 
4. 3. Case where the qm coordinates are taken. 
The inverse transformation to the above can be obtained 
by changing 
t * t', u S U '  
and again by taking 
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The r e s u l t s  are 
These formulae can  be used f o r  t h e  t r ans fo rma t ion  of t h e  wind 
v e l o c i t y  i n t o  t h e  gm c o o r d i n a t e s  i n  t h e  g e n e r a l  case. 
I f  we t a k e p =  0 ( f o r  non-periodic winds) we  have 
Taking n = 1 for example, 
1 1 + P1 (c) PI (cos@) cos(T-A) 
i .e. ,  
cos 6 = cos @Qcos@ - s i n  8, s i n @  cos A 
and us ing  t h e  r e l a t i o n  
2 %  s i n  8 =  (1 - cos ) 
we have t h e  expres s ion  of 
T h i s  form w i l l  be used as  an example f o r  t h e  l o n g i t u d i n a l  
d i s t r i b u t i o n  of t h e  mer id iona l  component o f  non-periodic  winds. 
2 s i n 6  cos0 i n  t h e  gm coord ina te s .  
5. CONDUCTIVITY AND W I N D  PROFILES 
I n  o r d e r  t o  s o l v e  t h e  basic equa t ion  ( 4 ) ,  we need t o  
have  t h e  numerical  v a l u e s  of t he  c o e f f i c i e n t s  A ,  B, C and D ,  
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where A ,  B and C are func t ions  of c o n d u c t i v i t y  on ly ,  whereas 
3 
D i n c l u d e s  t h e  wind v e l o c i t y  V. 
The d i s t r i b u t i o n  and v a r i a t i o n  of c o n d u c t i v i t y  are  ob- 
t a i n e d  as follows: Atmospheric parameters, such as  tempera- 
t u r e ,  d e n s i t y ,  molecular  weight and so on,  are taken  f r o m  
t h e  U. S. Standard Atmosphere (1962). The d i s t r i b u t i o n  of 
e l e c t r o n  d e n s i t y  w i t h  h e i g h t  and l a t i t u d e  a t  noon are es t i -  
mated, for a pe r iod  of  h igh  sgnspot  a c t i v i t y ,  from the  re- 
s u l t s  of r e c e n t  r a d i o  and rocke t  obse rva t ions ,  By us ing  
t h e s e  atmospneric and ionospher ic  models, t h e  he ight - in teg-  
r a t e d  c o n d u c t i v i t i e s  sx, Kyy and sY are c a l c u l a t e d  and 
t h e  r e s u l t s  are shown i n  Fiq. 2. Since we  do  n o t  y e t  have 
any d e t a i l e d  informat ion  about t h e  time-dependent s t r u c t u r e  
of t h e  l o w e r  ionosphere ,  e s p e c i a l l y  about  t h e  h e i g h t  d i s t r i -  
b u t i o n  of e l e c t r o n  d e n s i t y ,  t h e  fol lowing formula for  t h e  
v a r i a t i o n  of c o n d u c t i v i t y  (Chapman and Bartels,  1940) i s  used: 
3 
5 =  1 
K = KO (1 + 2 ks coss$ ) 
where x i s  t h e  z e n i t h  d i s t a n c e  of t h e  sun. The v a l u e s  o f  
the c o e f f i c i e n t s  k a re  e s t ima ted  a s  follows, by  t a k i n g  
i n t o  account  t h e  l a t i t u d i n a l  d i s t r i b u t i o n  of noon c o n d u c t i v i t y  
and t h e  h e i g h t  d i s t r i b u t i o n  of e l e c t r o n  d e n s i t y  observed by  
S 
r o c k e t s  a t  n i g h t  (e.g., Bourdeau, 1963): 
- 14 - 
= 3.0, k3 = 0.9 k2 kl = 3.0, 
This g i v e s  t h e  night- t ime conduc t iv i ty  of about  one f i f t i e s  
of t h e  daytime one a t  middle and l o w  l a t i t u d e s .  
Although we have now so many r e s u l t s  of o b s e r v a t i o n s  of 
winds a t  h e i g h t s  lower than  100 km (see f o r  example, a review 
by Murqatroyd, 1957) ,  v e r y  few are known about  t h e  wind s t r u c -  
t u r e  i n  r e g i o n s  h i g h e r  t han  100 km. Th i s  seems t o  be due t o  
the reanen that the method of wind measurements t aken  a t  t h e  
l o w e r  atmosphere cannot  be a p p l i c a b l e  t o  t h e  upper atmosphere 
because  of l o w  d e n s i t y ,  and tha t  t h e  wind s t r u c t u r e  a t  h e i g h t s  
of i n t e r e s t  ( say ,  around 120 km) i s  ve ry  complicated perhaps  
because  of t h e  i n t e r a c t i o n  of t h e  n e u t r a l  and ion ized  compo- 
n e n t s  of atmospheric  gases .  Thus, u n f o r t u n a t e l y ,  we cannot 
as  y e t  se t  any re l iable  p r o f i l e s  of non-periodic  winds. W e  
s h a l l  employ h e r e ,  t h e r e f o r e ,  on ly  h y p o t h e t i c a l  wind prof i les  
a s  shown i n  Table 1 and i l l u s t r a t e d  i n  Fiq.  3, which might be 
deduced f r o m  in fo rma t ions  about i onosphe r i c  d r i f t s  and a lso 
wind s t r u c t u r e s  i n  t h e  lower atmosphere. Cases (AZ) and (AM) 
are chosen t o  be s imilar  t o  t h o s e  adopted by van Sabben (1962) 
for t h e  convenience of comparison. 
- 1 5  - 
Table 1. Supposed p r o f i l e s  of non-periodic  winds. 
Meridional (Southward posit ive) 
vx = - vo s i n  ( 2 8 ) 
vx - - v0 s i n  ( 4 8 )  
Zonal (Eastward p o s i t i v e )  
C a s e  (AM) 
Case (BM) 
Case (AZ) 
Case (BZ) 
N o t e :  8 i s  co - l a t i t ude .  
V is  taken t o  be 10 m/sec i n  t h i s  paper. 
0 
I 
vy = - vo (2 .7 s i n 0  - 4.0 sin’@ ) 
I vY - - Vo s i n  ( 4 9  1 
6. CALCULATION O F  THE DYNAMO FIELD 
I n  t h e  case where t h e  gg c o o r d i n a t e s  are taken ,  t h e  velo- 
c i t y  d i s t r i b u t i o n  can be used i n  i t s  o r i g i n a l  form, and we 
have t h e  fo l lowing  expres s ions  for  t h e  dynamo f i e l d s :  
where 
3 
C = 2 M/a , 
F = COS~,COS 8 + s in8 ,  s i n 0  cos ( A  -Ao)  
which h a s  been ob ta ined  i n  s e c t i o n  4.2. 
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I n  t h e  case where t h e  gm c o o r d i n a t e s  are taken ,  t h e  
v e l o c i t y  d i s t r i b u t i o n  must be t ransformed.  T h i s  t ransform- 
a t i o n  can be made by us ing  t h e  method p resen ted  i n  s e c t i o n  
4.3., and we have t h e  fol lowing r e s u l t s :  
1 Edx = 4 Vo C F1 F2 F4 
Edx = - 2 V 
E = - 2 V  C F  F 
C F2 F3 0 
dY 0 1 2  
0 
E = - 4 V  C F  F F 
Edx = - 
dY 0 1 2 4  
where 
for  Case (AZ) 
for  Case (BZ) 
fo r  Case (AM) 
for C a s e  (m) 
F1 = cos @ (cos & s i n  @ + s i n  6, cos @ c o s A )  
F2 = cos Bocos @) - sindo s i n @ c o s A  
F3 = s i n 8 0 c o s @ s i n A  
2 
2 
F4 = 2 (F2) 
F5 = 4 (F2) 
- 1 
- 1 . 3  
7. METHOD OF NUMERICAL SOLUTIONS 
There are t w o  methods for  numerical  s o l u t i o n s  of eq. (4) .  
One d e a l s  w i t h  t h e  equat ion i n  i t s  o r i g i n a l  form, and t h e  
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o t h e r  i s  t o  modify t h e  o r i g i n a l  equat ion  t o  o r d i n a r y  d i f -  
f e r e n t i a l  equa t ions  by expanding t h e  p o t e n t i a l  S (unknown) 
i n t o  Four i e r  series. It seems t h a t  t h e  l a t t e r  i s ,  i n  g e n e r a l ,  
more e a s y  t o  o b t a i n  s o l u t i o n s  than  t h e  former. I n  t h i s  case, 
however, we must i n t e r r u p t  t h e  series a t  t h e  first several 
terms for practical c a l c u l a t i o n s ,  so t h a t  s i g n i f i c a n t  error  
might be in t roduced .  For t h i s  reason ,  we adopt  h e r e  t h e  
former method, t h a t  is, eq. (4) h a s  been modif ied t o  a f i n i t e -  
d i f f e r e n c e  form and solved by Liebmann's i t e r a t i o n  method on 
a IBM system/360 computer. W e  do n o t  want t o  d e s c r i b e  d e t a i l s  
for t h e  method employed, bu t  g i v e  on ly  e s s e n t i a l  p o i n t s  below. 
Returning t o  eq. (4 ) ,  i f  we  u s e  t h e  r e l a t i o n  
t = u t + ) C  
among t h e  local t i m e  ( t ) ,  the  u n i v e r s a l  t i m e  (UT) and t h e  lon- 
g i t u d e  ( A ) ,  t h e  c o e f f i c i e n t s  A, B, C and D are regarded as  
f u n c t i o n s  of space coord ina te s  ( 8 ,h ) o n l y ,  a t  a p a r t i c u l a r  
UT. Thus, t h e  numerical  i n t e g r a t i o n  can  be made o n l y  for space 
c o o r d i n a t e s ,  and we have a set of s o l u t i o n s  f o r  d i f f e r e n t  UT'S. 
The mesh h a s  been t aken  t o  be 2.5O f o r  0 , and 7.5O for 
and s o l u t i o n s  have, i n  m o s t  cases, been converged w i t h i n  l i m i t s  
of error for s e v e r a l  minutes. Th i s  would be due t o  t h e  reason 
t h a t  o u r  basic equa t ion  i s ,  f o r t u n a t e l y ,  of e l l i p t i c  type.  
, 
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Concerning t h e  polar boundary c o n d i t i o n ,  we have t r ied  
t h e  case i n  which a l l  t h e  boundary v a l u e s  are t aken  t o  be 
zero, and found t h a t  no s i g n i f i c a n t  d i f f e r e n c e  i s  seen  i n  
s o l u t i o n  and a lso i n  t i m e  of convergence, as compared w i t h  
t h e  case i n  which t h e  boundary v a l u e s  e s t ima ted  by Taylor  
expansion are used. This i s  due t o  t h e  fact t h a t  t h e  boun- 
d a r y  v a l u e s  close to  t h e  no r th  pole are v e r y  small, because  
we have assumed tnat 5 = 0 at 2 % ~  pd-s-  
8. RESULTS AND DISCUSSIONS 
The d i s t r i b u t i o n s  of the  electrostatic p o t e n t i a l  (S)  
h and t h e  c u r r e n t  f u n c t i o n s  (R) a t  UT = 0 c a l c u l a t e d  fo r  d i f -  
f e r e n t  wind prof i les ,  as i s  shown i n  Table 1, are  i l l u s t r a t e d  
i n  F igs .  4A t o  4D. These r e s u l t s  are ob ta ined  by us ing  t h e  
geomagnetic c o o r d i n a t e s  and b y  t a k i n g  Vo = 1 0  m/sec. It is  
found f r o m  t h e s e  f i g u r e s  t h a t :  1) For a l l  of these f o u r  cases, 
c u r r e n t  v o r t i c e s  are produced and t h e i r  p a t t e r n s  are s i m i l a r  
t o  t h o s e  of S q ,  namely, they  have counter-clockwise f low of 
c u r r e n t s  and much enhanced i n t e n s i t y  i n  daytime. 2)  The in-  
t e n s i t i e s  of daytime c u r r e n t  cortices are 
6,000 amperes f o r  C a s e  (AZ) 
16,000 amperes f o r  C a s e  (AM) 
- 19 - 
4,000 amperes Bor C a s e  (BZ) 
8,000 amperes for  C a s e  (BM) 
so t h a t  t h e  mer id iona l  wind i s  more e f f e c t i v e  i n  producing 
c u r r e n t  systems than  the zonal  one, and t h e s e  i n t e n s i t i e s  are 
about  one t e n t h  of those o f  the Sq v o r t i c e s .  3) I n  m o s t  cases 
clockwise and weak c u r r e n t  v o r t i c e s  are  produced i n  h igh  l a t i -  
t udes .  
t e n s i t y  of main c u r r e n t  vortices i s  20,000 amperes for  C a s e  
(A) and 10,000 amperes for Case (B) . It i s  seen tha t  t h e  
c e n t e r  of c u r r e n t  v o r t i c e s  i s  much closer t o  t h e  e q u a t o r  for 
C a s e  (A) t h a n  for C a s e  (B), and i t  may t h e r e f o r e  be s a i d  t h a t  
t h e  d i s t r i b u t i o n  of c o n d u c t i v i t y  had a l e a d i n g  effect for  
C a s e  (A) i n  de te rmining  the  p o s i t i o n  of c u r r e n t  v o r t i c e s ,  where- 
as  t h e  d i s t r i b u t i o n  of wind v e l o c i t y  played more impor t an t  role  
for Case (B). I n  t h i s  connect ion,  the  Sq l i k e  c u r r e n t  systems 
o b t a i n e d  by  van Sabben (1962) might be much d i s t o r t e d ,  if t h e  
l a t i t u d i n a l  and local t i m e  v a r i a t i o n s  of c o n d u c t i v i t y  are  taken 
i n t o  account ,  even i n  d a y l i g h t  hours .  
I n  order t o  see t h e  e f f e c t  of d i f f e r e n t  c o o r d i n a t e  systems 
on the  r e s u l t s ,  s i m i l a r  c a l c u l a t i o n s  are  made by u s i n g  t h e  geo- 
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g r a p h i c  c o o r d i n a t e s  for  Case (AM) and Case (BZ), as  a n  exam- 
ple, and we have t h e  r e s u l t s  as shown i n  Fiq.  6. Comparison 
of Figs .  4 and 6 for  corresponding cases shows t h a t  no re- 
markable d i f f e r e n c e  can  be seen i n  t h e  i n t e n s i t y  and also i n  
t h e  g e n e r a l  p a t t e r n  of c u r r e n t  systems, though t h e r e  are 
s l i g h t  d i f f e r e n c e s  i n  t h e  shape of c u r r e n t  v o r t i c e s .  
A l l  t h e  f i g u r e s  presented  above are t h e  r e s u l t s  ob ta ined  
h for  UT = 0 . An example for  d i f f e r e n t  UT'S is  shown i n  Fiq. 
- 7, where 0 shows t h e  p o s i t i o n  of noon. It i s  found t h a t  
b o t h  t h e  shape and t h e  i n t e n s i t y  of c u r r e n t  systems are chan- 
g ing  w i t h  UT, and t h i s  may correspond t o  t h e  UT v a r i a t i o n  i n  
t h e  Sq f i e l d .  I n  o r d e r  t o  see t h i s  p o i n t  more c l e a r l y ,  we 
separate t h e s e  changing c u r r e n t  systems i n  such a way as  
follows: 
F i r s t ,  i f  we f i x  t h e  local t i m e  and average  ove r  UT'S, 
t h e n  a c u r r e n t  system as shown i n  Fiq. 8 A  i s  obta ined .  Since 
t h i s  system depends on ly  on local t i m e ,  it may be c a l l e d  t h e  
local t i m e  part and t h i s  part would have a main c o n t r i b u t i o n  
t o  t h e  Sq c u r r e n t  system. 
Next, if we f i x  t h e  long i tude  and average  over UT'S and 
s u b t r a c t  t h e  non-periodic  component of R, because t h i s  part 
h a s  a l r e a d y  been inc luded  i n  t h e  local  t i m e  par t ,  we have t h e  
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r e s u l t s  as shown i n  Fiq.  8B. This system depends o n l y  on 
l o n g i t u d e  and t h e r e f o r e  i t  may be c a l l e d  t h e  l o n q i t u d i n a l  
part. Since t h i s  part g ives  a l o n g i t u d i n a l  i n e q u a l i t y  i n  
c u r r e n t  systems, i t  is  expected t h a t  t h e  maximum i n t e n s i t y  
of c u r r e n t  v o r t i c e s ,  and t h e r e f o r e  t h e  madimum magnet ic  effect ,  
o c c u r s  around 
and sou th  American zone, and t h e  minimum around A =  180°, 
i.e., t h e  A s i a  and Oceania zone. T h i s  tendency i s  i n  good 
agreement wi th  t h a t  a s  seen  i n  t h e  .Sq f i e l d  (see for  example, 
A(geomagne t i c  l o n g i t u d e )  = Oo, i.e., t h e  n o r t h  
P r i c e  and Wilkins ,  1963; Matsushi ta  and Maeda, 1965) and a lso 
i n  t h e  e q u a t o r i a l  e l e c t r o j e t  (Suqiura and Cain,  1966). It may 
t h e r e f o r e  be s a i d  that  t h e  l o n g i t u d i n a l  i n e q u a l i t y  i n  t h e  Sq 
f i e l d  i s  caused p a r t l y  by t h e  inco inc idence  of t h e  E a r t h ' s  
r o t a t i o n a l  and magnet ic  axes, and p a r t l y  by t h e  d i s t r i b u t i o n  
of i o n o s p h e r i c  c o n d u c t i v i t y  due perhaps  t o  t h e  l o n g i t u d i n a l  
i n e q u a l i t y  i n  t h e  geomagnetic f i e l d  i n t e n s i t y .  
F i n a l l y ,  if we take t h e  non-periodic part  a t  each UT and 
s u b t r a c t  t h e  average  over UT'S, we have t h e  u n i v e r s a l  t i m e  
part depending o n l y  on u n i v e r s a l  t i m e  as  i s  shown i n  Fiq.  8C. 
It is  expected f r o m  t h i s  f i g u r e  t h a t  t h e  c u r r e n t  v o r t i c e s  would 
h 
be most enhanced around UT = 20 and least  enhanced around UT 
= gh. N o t e ,  however, t h a t  t h e s e  t h r e e  par ts  cannot be indepen- 
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dent because of the relation, t = UT + A ,  where t is geomag- 
netic local time and UT is geomagnetic universal time defined 
by refering to the meridianA = Oo, because the geomagnetic 
coordinates are taken. 
9. CONCLUSIONS 
From the foregoing detailed calculations of electric 
currents induced by non-periodic winds in the ionosphere, 
when the incoincidence of the rotational and magnetic axes 
of the Earth is taken into account, the following conclusions 
may be drawn: 
1) Sq-like current systems can be produced by non- 
periodic components of ionospheric winds as an effect of the 
axes incoincidence, even for the two dimensional case of the 
dynamo theory. 
2) When a typical wind velocity of 10 m/sec is taken, the 
induced current intensity is about ten thousand volts, being 
about one tenth of that of the sq field. 
3) Of the two components of non-periodic winds, the mer- 
idional component is more (two or three times) effective in 
producing current systems. 
4) The position of main current vortices is controlled 
. 
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b y  t h e  d i s t r i b u t i o n s  of ionosphe r i c  c o n d u c t i v i t y  and of wind 
v e l o c i t y ,  and t h e  degree  of inc luence  of t h e s e  t w o  i s  d i f fe -  
rent for  d i f f e r e n t  wind profiles. 
5 )  No remarkable d i f f e r e n c e  can be seen  i n  the  r e s u l t s  
ob ta ined  b y  u s i n g  d i f f e r e n t  (geographic  and geomagnetic) coor- 
d i n a t e  systems. 
6) The i n t e n s i t y  and t h e  p a t t e r n  of c u r r e n t  systems change 
w i t h  l o n g i t u d e  and u n i v e r s a l  t i m e .  
o c c u r s  around 0 i n  geomagnetic l o n g i t u d e  ( the  n o r t h  and s o u t h  
American zone) and 20 i n  geomagnetic u n i v e r s a l  t i m e ,  and t h e  
minimum around 180 ( t h e  A s i a  and Oceania zone) and 9 , res- 
p e c t i v e l y .  
The max imum i n t e n s i t y  
0 
h 
0 h 
Since  t h e  i n t e n s i t y  of c u r r e n t  vortices i s  p r o p o r t i o n a l  
t o  t h e  v e l o c i t y  of winds, i t  would be s a i d  t ha t  the effect  Of 
axes inco inc idence  cannot  be n e g l i g i b l e  when much s t r o n g e r  
winds exist .  
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FIGURE CAPTIONS 
Fig. 1. Showing relation of any two spherical coordinate 
systems, (u,t) and (u',t'). 
Fig. 2. Latitudinal distribution of height-integrated noon 
conductivities, b, and K XY 
Fig. 3. Illustration of the four profiles of non-periodic 
winds as is shown in Table 1. 
Fig. 4A. 
Fig. 4B. 
Fig. 4C. 
Fig. 4D. 
Fig. 5. 
Fig. 60 
Fig. 7. 
Fig. 8A. 
Fig. 8B. 
Fig. 8C. 
Distribution of the electrostatic potential (S) 
and the current function (R) for Case (AZ), where 
electric currents flow in the direction indicated 
by arrows along the equal R (strem) lines. 
Distribution of S and R for Case (AM). 
Distribution of S and R for Case (BZ). 
Distribution of S and R for Case (BM). 
Distribution of the current function (R) for com- 
bined winds; Case (A) is obtained by a combination 
of profiles (AZ) and (AM), and Case (B) by a com- 
bination of profiles (BZ) and (BM). 
Distribution of the current function (R) calculated 
by using the geographic coordinates for wind pro- 
files (AM) and (BZ). 
Variation of current systems with universal time, 
where 0 shows the position of noon. 
Local time part of the current systems as shown in 
Fig. 7. 
Longitudinal part of the current systems as shown 
in Fig. 7. 
Universal time part of the current systems as shown 
in Fig. 7. 
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F i g .  7 .  (continued) 
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